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haplotypes of each set were selected and exploited due to their large effects on plant 118 height and 1000-grain weight.
119
Results
120
TaSPL20 and TaSPL21 are highly expressed in the lemma and palea during 121 early spike development 122 TaSPL20/21 are abundantly expressed in shoot apical meristems and young spikes, 123 and show tissue-specific expression patterns associated with spike development 124 (Zhang et al., 2014) . To monitor their detailed expression patterns based on conserved 125 regions among each set of homoeologs, we sampled stamens, pistils, lemmas, paleas 126 and pedicels from wheat spikes with lengths of 3, 4, 6, 8 and 10 cm, and at the 127 flowering stage. Both TaSPL20 and TaSPL21 members displayed specific expression 128 patterns in lemmas and paleas at early spike development (3 to 6 cm spikes),
129
suggesting that both groups may regulate wheat spike development (Fig. 1A) . 
152
The potential functions of TaSPL20 and TaSPL21 during seed development 153 were also investigated. TaSPL20-OE lines produced larger seeds (Fig. 3A) as 154 measured by increased 1000-grain weight (TGW, Fig. 3D ), seed surface area (Fig. 155 3E), grain length (Fig. 3, B and F) and grain width (Fig. 3 , C and G) compared to WT. against the draft genome databases of the A (Ling et al., 2013) and D (Jia et al., 2013) 166 genome progenitors and wheat variety Chinese Spring (Wilkinson et al., 2012) .
167
Genome-specific primer pairs for TaSPL20 (TaSPL20-7A, -7B, and -7D) and 
177
We analyzed the entire genomic fragments of each gene in 37 cultivars 178 showing wide variations in tiller number and spike-related traits to detect sequence 179 variations (Supplemental Table S1 ) . Three haplotypes of 180 TaSPL20-7A were characterized by eight variations, the first three of which preceded 181 the ATG start codon. A cleaved amplified polymorphic sequence (CAPS) marker was 182 developed based on InDel1 (insertion and deletion, InDel) and SNP5 to identify the 183 three haplotypes simultaneously (Fig. 4C ). As no nucleotide variation was detected in 184 the genomic region of TaSPL20-7B this locus was excluded from further research.
185
Two and three SNPs occurred in the 5' flanking regions of TaSPL20-7D (Fig. 4D) 
186
and TaSPL21-6A (Fig. 4E) , respectively. A derived cleaved amplified polymorphic 187 sequence (dCAPS) marker and a CAPS marker were developed for TaSPL20-7D 188 based on SNP1 and SNP2 (Fig. 4D) ; and two CAPS markers were developed for 189 TaSPL21-6A based on SNP2 and SNP3 (Fig. 4E) . Three haplotypes in TaSPL21-6B   190 formed by 10 SNPs and three InDel (six preceded the ATG start codon) were detected 191 by direct sequencing (Fig. 4F) . Two SNPs in the 5' flanking regions of formed three haplotypes (Fig. 4G) . Two CAPS markers were developed based on 193 SNP1 and SNP2 (Fig. 4G) Table S9 ) was from the Chinese wheat core collection (CC) (Hao et 252 al., 2008; Hao et al., 2011) . (Fig. 7G ). For PH, the relative values among haplotypes at each locus were: 257 TaSPL20-7D-HapI < HapIII < HapII (Fig. 6B) , TaSPL21-6A-HapII < HapIII < HapI 258 (Fig. 6C) , TaSPL21-6D-HapIII&II < HapI (Fig. 6D) ; and for TGW, the relative 259 values were: TaSPL21-6D-HapIII&II > HapI (Fig. 6E) . Frequencies of favorable 260 haplotypes in Populations 1, 2 and 3 for TaSPL20-7D-HapI (Fig. 7, A and B 
275
Geographic distribution of TaSPL20-7D, TaSPL21-6A, and TaSPL21-6D 276 haplotypes across the ten Chinese wheat production zones 277 Wheat production in China is divided into ten major agro-ecological production zones TaSPL20-7D-HapI first appeared in landraces in Zone IV and rapidly spread to 286 nearby areas (Zones I, II, III, V, VIII, IX and X) in current modern cultivars (Fig. 8, A   287 and B). TaSPL21-6A-HapII was relatively frequent in Zones III, IV and V where 288 autumn-planted spring wheat is grown and frequencies generally increased in modern 289 cultivars (Fig. 8, C and D To obtain further insights on the origins of the TaSPL20-7D, TaSPL21-6A, and 
308
The π values for the entire TaSPL21-6A region were 0.00000, 0.00013 and (Fig. 9D) ; and there were only minor differences between those in T. dicoccoides and 314 common wheat (Fig. 9E ). These findings suggest TaSPL21-6A underwent strong 315 selection at the first wheat ployploidization event.
316
In regard to polymorphic sites at TaSPL21-6A in common wheat we detected and neo-functional evolutionary patterns . In seed plants, genes have various degrees of similarity between different family members because 330 of duplications at both the gene and genome levels (Riese et al., 2007 promote vegetative phase change and flowering (Wu and Poethig, 2006) . AtSPL9 and
339
AtSPL15, considered to be paralogous genes, act redundantly in regulating 340 plastochron length, juvenile-to-adult phase transition, and organ size (Schwarz et al., 341 2008; Wang et al., 2008) . Loss of AtSPL2 function slightly enhanced the phenotype of 342 atspl9 atspl15 double mutants (Schwarz et al., 2008) . Another pair of paralogs,
343
AtSPL10 and AtSPL11, control leaf shape and epidermal traits (Shikata et al., 2009 ).
344
Duplicated SBP-box gene pairs have also been found in rice, such as OsSPL3 and
345
OsSPL12, OsSPL4 and OsSPL11, OsSPL5 and OsSPL10 (Guo et al., 2008; Zhang et 346 al., 2014) . In common wheat, we found that TaSPL20 and TaSPL21 were highly 347 expressed in the lemma and palea during early spike development ( 
357
A key factor in wheat becoming a global food crop was its adaptation to a 358 wide range of environmental conditions, largely attributed to its allohexaploid 359 genomic plasticity and wide genetic variation .
360
Allopolyploidization events in wheat did not lead to functional dominance of one 361 subgenome over the others . Instead, it underwent functional or 362 genetic diploidizaiton in two ways; the first was rapid genomic change (revolutionary (Zhang et al., 2014) . This 372 trans-regulation is likely a transitory, compensatory phenomenon (Pont et al., 2013) .
373
In the course of wheat evolution more stable cis-acting regulations were established at 374 the allohexaploid level (Zhang et al., 2014 insertions/deletions and point mutations led to buffering effects rather than lethality or 391 sub-lethality, providing the plasticity to generate adaptive variants (Comai, 2005; 392 Dubcovsky and Dvorak, 2007) . Such mutations account for genetic diversity, and 393 some of them took place exclusively in the allopolyploid background (Dvorak et al., 394 2004; . In addition, domestication led to selection and 395 spread of favorable genes or alleles affecting important agronomic traits (Clark et al., 396 2004). For example, in rice (a diploid species) knockout of GPC genes results in 397 almost complete sterility whereas in tetraploid wheat, GPC-B1 mutation led only to a 398 small change in maturity, and in hexaploid wheat editing of one of the three 399 homoeologs had even more subtle effects (Dubcovsky and Dvorak, 2007) . Another 400 example is the deletion within the upstream regulatory region of Ppd-D1 that causes 401 photoperiod insensitivity (Faure et al., 2007) . In this study, 8, 0, 2, 3, 13 and 2 402 variations were identified in TaSPL20-7A, 403 TaSPL21-6B and TaSPL21-6D, and 3, 0, 3, 3, 3 and 3 haplotypes were detected in 404 common wheat based on the respective DNA sequences (Fig. 4) understanding of the molecular mechanisms of these important natural variants in 436 regulating yield formation.
437
Materials and Methods
438
Plant materials and phenotypic assessment 439 Common wheat (Triticum aestivum L.) cultivar Yanzhan 4110 was used for gene 440 cloning and expression analysis. Thirty-seven cultivars (Supplemental Table S1 ) 441 showing wide variation in spike-related traits and tiller number were used to detect 442 naturally occurring variants in target gene sequences .
443
Twenty-nine accessions of wheat-related species were chosen for evolutionary studies, Table S8 ) and Population 3 with 348 modern cultivars 452 (Supplemental Table S9 
481
Genetic mapping was performed with MAPMAKER/EXP 3.0 (Lander et al., 1987) . Table S10 ). Target fragments were amplified by the corresponding primers and separated by 517 electrophoresis in agarose gels after digestion by a specific restriction endonuclease.
518
Population structure and association analysis 519 Population structure was estimated by STRUCTURE v2.3.2 using data from 209 520 whole-genome SSR markers . Association mapping was conducted 521 using the general linear model (GLM) in TASSEL V2.1 that accounted for population 522 structure (Q). Statistical analysis was conducted by SAS 8.01 software. denote ± SE; *, P < 0.05; **, P < 0.01; ***, P < 0.001. -1960s, 1960s, 1970s, 1980s, 1990s and 640 post-2000, respectively; ten accessions with unknown release dates were excluded. In Figure 10 . Model for functional conservation and divergence among homoeologous genes at the TaSPL20/TaSPL21 loci governing yield-related traits in hexaploid wheat. The functions of homoeologous genes at the TaSPL20/TaSPL21 loci were characterized at two levels: the protein level (right panel) and nucleotide variation/haplotype level (left panel). The protein functions of the TaSPL20/TaSPL21 loci in wheat were deduced from the phenotypes of ectopic expression in rice (shown in a dotted rectangle), i.e., both TaSPL20 and TaSPL21 may similarly affect panicle branching and function during wheat spike and spikelet development; they may also affect seed development, but with different functions in wheat. According to the functional analysis of naturally occurring variants, TaSPL20 and TaSPL21 homoeologs display diverse functions with each having distinctive characteristics after evolution, domestication and breeding, i.e., the function of TaSPL20-7A was silenced, TaSPL21-6A underwent subfunctionalization; the function of TaSPL21-6D was enhanced; TaSPL20-7D and TaSPL21-6B likely underwent subfunctionalization and was silenced, respecitively. Heat map summarizes accumulative PVE (phenotypic variation explained) values of TaSPL20-7A, TaSPL20-7D, TaSPL21-6A, TaSPL21-6B and TaSPL21-6D haplotypes in 20 environments. Vertical line, naturally occurring variants; PH, plant height; NSP, number of spikes per plant; SL, spike length; TNSS, total number of spikelets per spike; NGS, number of grains per spike; TGW, 1000-grain weight.
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